Recent epidemiologic studies show increasing human immunodeficiency virus type 1 (HIV-1) transmission through oral-genital contact. This paper examines the possibility that normal human oral keratinocytes (NHOKs) might be directly infected by HIV or might convey infectious HIV virions to adjacent leukocytes. PCR analysis of proviral DNA constructs showed that NHOKs can be infected by CXCR4-tropic (NL4-3 and ELI) and dualtropic (89.6) strains of HIV-1 to generate a weak but productive infection. CCR5-tropic strain Ba-L sustained minimal viral replication. Antibody inhibition studies showed that infection by CXCR4-tropic viral strains is mediated by the galactosylceramide receptor and the CXCR4 chemokine coreceptor. Coculture studies showed that infectious HIV-1 virions can also be conveyed from NHOKs to activated peripheral blood lymphocytes, suggesting a potential role of oral epithelial cells in the transmission of HIV infection.
The majority of human immunodeficiency virus type 1 (HIV-1) infections occur via mucosal contact (40) , and there are several reports indicating that the oral mucosa may be one route of exposure (25, 27) . It is difficult to confirm that oral mucosa is a major transmission portal because of the correlation between oral-genital contact and other transmission risk behaviors (36) . However, several studies of receptive oral intercourse suggest that it is an independent risk factor for HIV infection (36) and may contribute to the high transmission rates among men who have sex with men (37, 38; D. G. Ostrow and W. DiFranceisco, Abstr. XI Int. Conf. AIDS, abstr. Tu.D. 365, 1996) , people of low socioeconomic status (17) , and crack cocaine users (17; J. A. Hoffman, H. Klein, and D. C. Clark, Abstr. 5th Pan-Am. Conf. AIDS, abstr. PCV267, 1997).
HIV-1 can be recovered from the saliva of infected individuals, but concentrations are generally lower than those observed in blood or genital secretions (28) . Antiviral properties of saliva may limit the infectivity of HIV in the oral mucosa (18, 39) . In vitro infection of lymphocytes is reduced in the presence of saliva (40) via mechanisms that include virus-specific antibodies (23) , aggregation of viral particles by salivary mucins (5) , and competition for viral or cellular targets by inhibitory endogenous proteins (35) . Despite these salivary defense mechanisms, there are reports of postnatal oral HIV transmission to infants, suggesting that colostrum and breast milk may be vehicles for infection (41) . In HIV-1-seropositive lactating mothers, HIV can be detected in milk monocytes and macrophages by in situ RNA hybridization and immunocytochemistry (S. Southern and P. J. Southern, HIV-1 Infect., Mucosal Immun., Pathogenesis, abstr. 57, 1997). Adhesion molecules in saliva may be important in transporting infected cells into tonsillar and intestinal crypts and may facilitate HIV transmission during breast feeding (36) . Another indication of oral infectivity comes from studies of simian immunodeficiency virus (SIV) in which cell-free viral particles were capable of generating systemic infection of macaques when introduced by nontraumatic oral inoculation (42) .
The biological mechanism of HIV transmission by the oral mucosa is not known, but possible pathways include entry through lesions in the epithelium and binding of free virions to lymphoid cells residing in the mucosal microenvironment (10) . Studies of clinical specimens have identified HIV DNA and RNA in oral epithelial cells obtained from saliva (33) . In mucosal tissue biopsies from HIV-infected patients, HIV-positive lymphocytes were localized in both submucosal and mucosal layers in the vicinity of epithelial cells bearing HIV-1 DNA sequences (32) . By electron microscopy, HIV was detected in two-thirds of the buccal mucosal scrapings obtained from HIVseropositive patients. The virus was localized in the interepithelial space bound by tight junctions, suggesting epithelial cell to epithelial cell contact as a route of transmission of HIV in mucosal linings. Consistent with this hypothesis, Qureshi et al. (32) reported histological studies of primary tissue samples indicating that epithelial cells were infected at the basal layer, migrated toward the superficial layers, and were then sloughed off into the oral cavity. Such results are consistent with in vitro data showing that epithelial cell lines can be productively infected with HIV-1 (9, 31, 43) .
Clinical HIV isolates exhibit tropism for CD4 ϩ monocytes and lymphocytes. Although CD4 functions as the major receptor for HIV-1 (29) , infection of CD4-negative cells such as fibroblasts (44) , oligodendrocytes (22) , spermatozoa (4), and vaginal (19) or intestinal epithelial cells (46) indicates the existence of one or more alternate receptors for viral interaction. Several studies have shown that the glycosphingolipid galacto-sylceramide (GalCer) or its sulfated derivative 3Ј-sulfoGalCer, can function as a primary receptor for HIV-1 in the absence of CD4 (2, 11, 22) . GalCer has a strong affinity for the HIV-1 envelope glycoprotein gp120, and antibodies to GalCer block gp120 binding to GalCer in CD4 Ϫ GalCer ϩ cells (16, 45, 47) . Cell surface expression of GalCer in a CD4
Ϫ human colon epithelial cell line increases vulnerability to HIV-1 infection (15) , and inhibition of GalCer expression confers protection (48) . Binding studies have shown that the recognition site for GalCer is located in the V3 loop of gp120 (47) , although the C2 domain (amino acids 266 to 275) may also be involved (7) .
In addition to CD4 and GalCer receptors, HIV requires an auxiliary chemokine coreceptor to infect human cells. These coreceptors are members of a large family of G protein-coupled receptors with seven-transmembrane domains (6) and include CXCR4, CCR2b, CCR3, CCR5, Bonzo (STRL33), BOB (GPR15), GPR1, and US28, although CCR5 and CXCR4 are those predominantly used by HIV-1 (50) . Interaction with the CD4 receptor induces a conformational change in the viral envelope protein (34) , which is required for subsequent interaction with the coreceptor (26) . CXCR4 can also mediate CD4-independent entry of HIV-2 into some cells (13) .
To define more clearly the molecular mechanisms by which oral mucosal cells might contribute to HIV-1 infection, we examined the capacity of normal human oral keratinocytes (NHOKs) to be productively infected by cell-free CXCR4-tropic, CCR5-tropic, and dualtropic HIV-1 strains in vitro. Recent evidence suggesting that dendritic cells may convey HIV-1 virions to lymphoid target cells without themselves being productively infected (14) also led us determine whether NHOKs might transfer HIV-1 to lymphocytes. To determine the mechanism of such effects, we surveyed NHOKs for the expression of CD4, chemokine coreceptors, and the alternative primary receptor GalCer. The results indicate that both CCR5-and CXCR4-tropic strains of HIV-1 establish early proviral DNA sequences in oral keratinocytes. For CXCR4-and dualtropic strains, full replication ensues to generate weak but productive infection of NHOKs. CCR5-tropic strains of HIV-1 generate minimal productive infection of NHOKs, apparently because of limited entry. However, coculture studies show that NHOKs can efficiently convey infectious HIV-1 virions to adjacent T lymphocytes, suggesting that the oral mucosa may represent a significant transmission reservoir in vivo.
MATERIALS AND METHODS
Cell culture. NHOKs were cultured from tissue obtained during routine thirdmolar extraction from healthy, HIV-seronegative patients. Primary cultures were established as previously described (30) . Briefly, the epithelial layer from the excised oral tissue was digested for 60 min at 37°C with collagenase type II (1.0 mg/ml; Millipore Corp., New Bedford, Mass.) and dispase grade II (2.4 mg/ml; Boehringer Mannheim, Indianapolis, Ind.) to separate the epithelium from the underlying submucosa. Epithelial sheets were then dispersed into individual cells by using trypsin. The cells were washed with phosphate-buffered saline (PBS), resuspended in keratinocyte growth medium (Clonetics, Corp., San Diego, Calif.), and 10 4 cells were plated on a 60-mm-diameter plastic tissue culture dish. Human peripheral blood lymphocytes (PBLs) from normal, HIV-seronegative donors were separated by Ficoll-Hypaque gradient centrifugation and cultured in RPMI 1640 medium supplemented with 10% pooled human AB serum (Gemini Bioproducts, Inc., Calabasas, Calif.), penicillin (100 U/ml), streptomycin (100 g/ml), and L-glutamine (2 mM). When required, the cells were costimulated with an anti-CD3 monoclonal antibody (MAb; 0.1 g/ml) immobilized on goat anti-mouse antibody-coated flasks (Southern Biotechnology, Birmingham, Ala.) and soluble anti-CD28 (0.1 g/ml; Biodesign, Kennebunkport, Maine) 2 days before infection.
Virus stocks. HIV-1 strains NL4-3 (1) and 89.6 (12) have been previously described. CCR5-tropic strains JR-CSF (24), Ada-M (21), and Ba-L (20) and CXCR4-tropic strain ELI were obtained from the National Institutes of Health (NIH) AIDS Research and Reference Reagent Program (Rockville, Md.). Virus stocks were propagated by electroporation of infectious proviral DNA (30 g) into CEM cells, followed by coculture with uninfected PBLs. To assess viral infection, measurements of p24 gag in culture supernatants were performed by enzyme-linked immunosorbent assay (ELISA; Coulter, Hialeah, Fla.). Determination of numbers of infectious units per milliliter of virus stocks was achieved by infection of PBLs and followed by PCR for proviral sequences 24 h postinfection (49) . Values were calculated by comparison to standard curves of known amounts of both HIV-1 plasmid DNA and human genomic DNA by phosphorimager analysis (Storm 860; Molecular Dynamics). Under our culture conditions, 1 ng of p24 is equivalent to 125 infectious units in PBLs.
HIV infection. NHOKs were exposed to 400 ng of virus for 2 h at 37°C in the presence of 10 g of Polybrene per ml. Virus stocks were filtered and treated with RNase-free DNase I (1 g/ml; Worthington Biochemical Corp., Lakewood, N.J.) for 30 min at room temperature in the presence of 0.01 M MgCl 2 to degrade contaminating HIV-1 DNA. Costimulated PBLs were used as a positive control for virus infection. Cells were rinsed and cultured for 16 h prior to DNA extraction for PCR quantification. As a control, cells were also infected with heat-inactivated virus, which was prepared by incubation at 65°C for 1 h.
Coculture assays. For coculture assays, NHOKs were infected as described above and washed twice to remove any residual cell-free virus prior to the addition of anti-CD3-and anti-CD28-costimulated PBLs at a 1:1 ratio. After overnight incubation, PBLs were removed and washed extensively before culturing for 11 days postinfection. Increasing p24 concentrations in the culture supernatant and quantitative PCR of proviral DNA were used to demonstrate productive infection of NHOKs prior to the addition of uninfected PBLs. Since NHOKs and PBLs utilize different culture media, control experiments using both keratinocyte growth medium and RPMI 1640 medium supplemented with 10% human AB serum were conducted to determine cell viability during coculture.
Quantitative PCR. To determine viral entry, infected cell pellets were resuspended in urea lysis buffer (4.7 M urea, 1.3% sodium dodecyl sulfate, 0.23 M NaCl, 0.67 mM Tris-HCl, pH 8.0) and the DNA was extracted with phenol and chloroform prior to ethanol precipitation. Quantitative PCR was performed on purified DNA samples by using primers that recognize the R/U5 region of the viral long terminal repeat (LTR) (M667 and AA55) to detect initiation of reverse transcription (49) . Amplification of human ␤-globin sequences was also included as a control for cellular DNA input. After 25 cycles of PCR with 32 P-end-labeled primers (49) , the products were fractionated on a 6% polyacrylamide gel and quantified by comparison to standard curves of known amounts of both HIV-1 and human genomic DNA by phosphorimager analysis.
Identification of cell surface receptors on NHOKs. Cell surface expression of known HIV-1 receptors was quantified by flow cytometry. Cultured NHOKs were harvested with 0.5 mM EDTA and washed once with PBS prior to the incubation of 2 ϫ 10 5 cells for 15 min in 50 l of fluorescence-activated cell sorter buffer (50% human AB serum, 50% PBS) containing 10 l of phycoerythrin (PE)-conjugated MAbs. PE-conjugated MAbs against the major HIV-1 receptor, CD4, were obtained from Becton Dickinson Immunocytometry (Mountain View, Calif.), and PE-conjugated MAbs against the chemokine coreceptors CXCR4 and CCR5 were obtained from PharMingen (San Diego, Callif.). Cells stained with MAbs against GalCer (Galactocerebroside; Boehringer Mannheim) and Epithelium Pan (Chemicon International Inc.) were counterstained with PE-conjugated goat anti-mouse immunoglobulin G1 (IgG1) and goat F(abЈ) 2 anti-mouse IgG (heavy and light chains; Caltag Laboratories, Burlingame, Calif.), respectively. Following incubation, cells were washed with 1% fetal bovine serum in PBS and fixed in 2% paraformaldehyde. Mouse anti-human IgG1 (Becton Dickinson) was used as an antibody isotype control for MAbs against CD4 and GalCer and mouse IgG2a (Becton Dickinson) for MAbs against CXCR4 and CCR5. Flow cytometric data were accumulated with a FACScan instrument and analyzed with CellQuest software (Becton Dickinson Immunocytometry) with gating to exclude dead cells and debris on the basis of forward versus side scatter profiles. For the inhibition studies, NHOKs were pretreated with 10 g of recombinant soluble CD4 (Life Science Products) per ml, 100 ng of SDF-1␣ (R&D Systems, Minneapolis, Minn.) per ml, 50 g of anti-CCR5 MAb (PharMingen) per ml, or 2.5 g of anti-GalCer MAb (Boehringer Mannheim) per ml for 1 h at 37°C. The cells were then exposed to HIV-1 NL4-3 for an additional hour at 37°C in the continued presence of the inhibitors.
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RESULTS
Analysis of reverse transcription in primary NHOK cells infected with HIV-1. Sixteen hours after exposure to cell-free HIV-1, NHOKs were assayed for proviral DNA sequences by PCR amplification of R/U5 (M667 and AA55) and LTR/gag structures. Results showed that cell-free CXCR4-tropic NL4-3 entered NHOKs in vitro with an efficiency approximately onefourth of that with which it entered an equivalent number of PBLs (Fig. 1A) . CXCR4-tropic ELI (Fig. 1B) , CCR5-tropic Ba-L, and the dualtropic 89.6 strain also infected NHOKs with an efficiency approximately one-eighth of that with which they infected PBLs, although full-length viral DNA was minimal for Ba-L (Fig. 1B) . PCR failed to detect proviral DNA sequences in NHOKs following exposure to other CCR5-tropic strains of HIV-1, such as Ada-M or JR-CSF (Fig. 1B) . Thus, NHOKs are substantially less vulnerable to infection by CCR5-tropic strains of HIV-1 than to infection by CXCR4-tropic strains. Proviral DNA sequences were absent from NHOKs incubated with heat-inactivated virus, confirming that the cells were initially free of HIV and that contaminating DNA in the virus stock was minimal.
HIV-1 replication in NHOKs in vitro.
To determine whether proviral DNA structures were capable of sustaining productive viral gene expression, we assayed levels of p24 gag in cell culture supernatants by ELISA. Following infection of NHOKs with cell-free NL4-3, p24 levels increased over 7 days in three independent experiments (Fig. 2A) . p24 levels peaked at 20 ng/ml and subsequently declined after 7 days in culture ( Fig.  2A) . Similar growth profiles were observed in activated PBLs infected in parallel (Fig. 2B ), but the peak p24 level was 10-fold higher (200 ng/ml) than that in NHOKs (20 ng/ml). As expected, p24 was not released from either NHOKs or PBLs infected with the heat-inactivated virus ( Fig. 2A and B) . Similar results were observed when dualtropic strain 89.6 was used (Fig. 2C ), but no detectable replication was observed when CCR5-tropic strains JR-CSF, Ada-M, and Ba-L were used.
Identification of HIV receptor molecules on NHOKs. To identify cellular receptors for HIV-1 infection of NHOKs, cells were analyzed by flow cytometry for the primary receptors CD4 and GalCer and the coreceptors CXCR4 and CCR5. As shown in Fig. 3A , flow cytometry with the Epithelium Pan cell marker (human specific) indicated that the culture contained more than 90% epithelial cells. Analysis failed to detect any evidence of CD4 on NHOKs (Fig. 3B) . However, the alternate receptor GalCer was expressed on NHOKs (Fig. 3E) , as was the coreceptor CXCR4 (Fig. 3D) . Small but detectable quantities of CCR5 were also observed (Fig. 3C) .
HIV-1 infection of NHOKs requires GalCer and CXCR4. Inhibition studies were conducted to identify the cell surface receptors required for HIV-1 infection of NHOKs. Preincubation of cells for 1 h with soluble recombinant CD4 failed to block viral replication (Fig. 4) . The control experiment with a nonspecific MAb or no inhibitor had no effect on HIV infection. However, HIV-1 replication was inhibited by approximately 50% in cells preincubated with SDF-1␣ or a MAb against GalCer. Complete inhibition of HIV-1 replication was not observed in the presence of both SDF-1␣ and the antiGalCer MAb, suggesting that other viral coreceptors may play a role. showed that 5 ϫ 10 3 cell equivalents of NHOKs contained approximately 200 copies of HIV-1 (as in Fig. 1 ). Coculture with equal numbers of activated T lymphocytes resulted in a productive infection marked by an increasing prevalence of proviral DNA (Fig. 5A ) and increasing supernatant p24 levels (Fig. 5B) . Peak p24 production of approximately 10 ng/ml was observed in NHOKs at day 5 (Fig. 5B) . p24 levels in NHOK/ PBL coculture peaked at day 7 (120 ng/ml) at levels five time higher than those of NHOK alone. Similar results were obtained with CCR5-tropic HIV-1 Ba-L (Fig. 5C) . Thus, infected NHOKs can efficiently transfer infectious HIV-1 to adjacent PBLs even if there is little productive viral gene expression in the oral cells themselves (e.g., CCR5-tropic strains).
DISCUSSION
The present data show that normal human oral epithelial cells can be productively infected by HIV-1 and can transfer the infection to adjacent leukocytes in vitro. Infection by CXCR4-tropic viral strains is mediated in part by expression of CXCR4 and the glycolipid GalCer on NHOKs and results in productive viral expression with an efficiency approximately one-fourth of that in normal human PBLs. Small but detectable levels of CCR5 were also expressed by NHOKs. Some CCR5-tropic viral strains established reverse-transcribed DNA sequences, but productive replication was limited. However, coculture experiments showed that NHOKs could transfer infectious CCR5-tropic virions to adjacent PBLs, suggesting that oral epithelial cells may constitute an infectious reservoir for HIV-1, as has previously been documented for myeloid dendritic cells (14) . These data suggest that expression of chemokine receptors and the alternative primary receptor GalCer may render NHOKs a cellular portal for HIV infection via oral mucosal exposure. The present data are consistent with previous studies showing CD4-independent infection of epithelial cells derived from the intestine (15, 46) and oligodendrocytes (8) . NHOKs bear GalCer and CXCR4, and inhibition studies show that both GalCer and CXCR4 play a role in mediating HIV-1 entry. However, the effects of these two molecules were not additive because treatment of NHOKs with both SDF-1␣ and an antiGalCer MAb failed to fully block HIV-1 entry. These results suggest that other receptors may also be involved in HIV-1 entry into NHOKs under in vitro conditions, and the identification of such molecules remains an important topic for further research. The present data document low but detectable levels of CCR5 on NHOKs, and HIV-1 virions establish reverse-transcribed DNA structures in these cells. However, efficiency of entry was low compared to that into PBLs and productive expression of the HIV genome was minimal for CCR5-tropic strains. The poor efficiency of HIV-1 replication in NHOKs is likely due to the limited expression of CCR5 and CD4. In general, CCR5-tropic HIV-1 infection in activated PBLs results in approximately 10-fold higher p24 gag levels in the supernatant. In the HT-29 colonic epithelial cell line expressing GalCer and CXCR4, the p24 level is approximately 1 ng/ml after 16 h of viral exposure (11) . However, HIV-1 infection of the same HT-29 cell line expressing an exogenous CD4 ϩ antigen resulted in about 10 ng of p24 gag per ml, which was comparable to the level in activated PBLs.
Expression of GalCer, CXCR4, and, to a lesser extent, CCR5 on the surface of oral epithelial cells suggests that the oral mucosa may represent a significant portal for HIV-1 transmission. Given the limited efficiency of viral replication in NHOKs, the oral epithelium is unlikely to contribute significantly to the whole-body viral load of individuals who are already infected. However, to the extent that NHOKs can sustain low levels of productive infection, these cells may provide a foothold for HIV-1 in the body and subsequently transfer infection to more productive cell types, such as leukocytes trafficking through the oral mucosa (e.g., CD4
ϩ T lymphocytes or monocytes/macrophages). Consistent with this hypothesis, we observed transfer of infection from NHOKs exposed to cell-free HIV-1 virions to peripheral blood leukocytes in coculture experiments. Such results are consistent with macaque studies showing that nontraumatic oral exposure to cell-free SIV resulted in viral infection and the subsequent development of simian AIDS (3). Similar patterns of viremia were observed in orally and intravenously infected macaques, and transmission of cell-free SIV was considerably more efficient via the oral route than via the intrarectal route.
Human saliva contains several types of anti-HIV-1 activity, that may help protect an individual against a small virus inoculum (39) . However, if individuals are exposed to inocula containing a heavy viral load, it is conceivable that the oral epithelium could be infected and thus serve as a beachhead for HIV-1 infection. This is particularly true in cases of oral inflammation, but the present studies suggest that even uninflamed oral mucosal cells may sustain productive infection with CXCR4-tropic virus and transmit CCR5-tropic virus to circulating CD4
ϩ T lymphocytes and macrophages. These results provide a cellular and molecular basis for understanding in vivo results from animal models and human case reports documenting HIV-1 seroconversion after oral-genital sex only (27) . Further studies will help identify factors that influence oral keratinocytes' vulnerability to HIV-1 infection and define more fully their role in conveying infection to migrating leukocytes. It is hoped that these results will lead to the development of effective strategies for preventing oral HIV-1 transmission. ACKNOWLEDGMENTS X.L. was supported by National Institute of Dental and Craniofacial Research, NIH, grant DE00430 and RCMI grants P20 RR11145 and 5U42RR14616; J.Z. was supported by NIH training grant T32-DE07296; J.A.Z. was supported by NIH grant AI36059; and S.W.C. was supported by NIH grants AI49135 and AI52737.
